This paper focuses on robust transceiver design for throughput enhancement on the interference channel (IC), under imperfect channel state information (CSI). In this paper, algorithm is proposed to improve the throughput of the multi-input multi-output (MIMO) IC. Each transmitter and receiver has respectively and antennas and IC operates in a time division duplex mode. In the proposed algorithm, each transceiver adjusts its filter to minimize the estimated variance of signal-to-interference-plus-noise ratio (SINR) to hedge against the variability due to CSI error. Taylor expansion is exploited to approximate the effect of CSI imperfection on variance. Monte Carlo simulations are employed to investigate improvement in sum rate performance of the proposed algorithms and the advantage of incorporating variation minimization into the transceiver design.
some cases, this random variable may have large variance. Therefore, the realized SINRs could be very far from the expected value. This design hedges against variability. Taylor series expansion is exploited to approximate the influence of CSI imperfection on the variance statistical property.
Fig. 1. Schematic view of robust transceiver design.
Robust algorithm is designed based on the reciprocity of wireless propagation. There is a high correlation between the original and reciprocal channel's gains in communication systems working in a TDD mode. Reciprocity has been exploited by researchers in [23] [24] [25] . The proposed robust algorithms utilize the reciprocity of wireless networks to optimize the estimated statistical property.
Monte Carlo simulations demonstrate that the proposed algorithm, that is variation minimization (VM), provides a SINR with low variance. Moreover, VM helps to mitigate the effect of the CSI error, and achieves higher sum rate compared to the existing algorithms in [21] , and [22] . Numerical results show that when estimated variance is used for minimization, the proposed transceivers will lead to SINR with low variance.
Organization
The rest of this paper is organized as follows. System model is studied in section 2. Section 3 proposes robust transceivers based on variation minimization. Simulation results are presented in section 4 and concluding remarks are drawn in section 5.
System Model
In the system model under study, each node works in a time division duplex (TDD) mode.
At the first time slot, nodes on the left hand side send the data to the right hand side nodes, shown in Fig. 2 . At the next time slot, nodes on the left hand side receive the data, indicating a change in the roles of the nodes. (This is clear in Fig. 3 following where the reciprocal network is described). The terms, original and reciprocal channels, are used to distinguish between two time slots. Hence, a transmitter in the reciprocal channel plays the role of an original network's receiver and vice versa. MIMO IC with K transmitter-receiver pairs is considered in this paper. The transmitter and the * + receiver are equipped with and antennas, respectively, as shown in Fig. 2 . The transmitter sends independent data streams * + to its intended receiver. Symbol vector has circularly symmetric complex Gaussian distribution with zero mean and covariance matrix , ( ). True and estimated channel coefficients between transmitter j and receiver k are denoted by and , respectively. In practical scenarios, there is a mismatch between true and estimated channels, as stated below:
The received signal at receiver k is:
In order to maximize system throughput, a beamforming strategy based on the interference alignment is used.
, , -
Receiver k decodes the transmitted symbol vector using the interference suppression matrix. The SINR is derived in terms of norms of error matrices in [21] . According to the system model, the SINR value for the data stream at receiver is expressed by (where, ‖ ‖ denotes the Frobenius norm.)
where denotes the norm of error matrix between transmitter j and receiver k, ‖ ‖ . 
Novel Robust Transceiver Design
Realized SINRs for different realizations of the CSI error matrices, are samples of the SINR random variable. This random variable can has large variance. Hence, the realized SINR, depending on the particular realization of the CSI error matrix, could be very far from the expected value. Therefore, to hedge against such variability, each receiver adjusts its receive interference suppression matrix based on minimizing SINR variance [26] . The iterative algorithm alternates between the original and reciprocal networks. Inside each network, only the filters associated with the receivers are updated.
Step I: In the original network, each receiver solves the following optimization problem.
Step II: In the reciprocal network, the following problem in (12) is solved with the fixed 10 transmit precoding matrices. The matrices are receive interference suppression filters from original network, already determined in Step I. Each receiver updates its columns of interference suppression filter as follow:
Then, the receive interference suppression filters in the reciprocal network are used as the fixed matrices in step I. The above-mentioned steps are iterated until the algorithm converges.
In section 4.1, the value of [ ] is approximated by using statistical linearization argument. The iterative solution is similar to Algorithm I.
Estimating the Variance of
In (8) , -is computed in terms of the function ( ) and the probability density function ( )
Unfortunately, a closed form solution cannot be derived for the integration in (8) . Hence, the approximate variance should be found.
It is clear from covariance matrix, ( , .
According to (11) and (12), the estimated variance is (13) [ ]
Iterative Solution
To obtain columns of , the derivative of (7) with respect to should be obtained and then set equal to zero. Thus, should satisfy the following vector equation (i.e. the derivative of the numerator multiplied by denominator should be equal to the derivative of denominator multiplied by numerator).
(14) .
In the above vector equation, , , and denote scalar coefficients and are expanded as follow (15) (∑ ( ) ) ;
In (15), the parameters of the scalar coefficients ( , , and ) should be substituted by:
The above vector equation is rearranged as follow
.
According to the definition, is the product of scalar value and vector
. It is concluded that is in the direction of . Furthermore, only the directions are important. Hence, the scalar factors , can be removed from (17) . Then, the unit vector maximizes (7) is given by
To summarize the iterative procedure the steps are given in Fig. 4 . Pick arbitrary scalar coefficients , ⃖ , and precoding matrices of size to initialize.
Switch to the reciprocal channel and set ⃖ .
Compute the interference suppression matrices:
Compute ⃖ of new receivers:
Switch to the original channel and set ⃖ .
Simulation Results
In this section, simulation results for the sum data rate and variance of SINR are presented.
Convergence of the VM algorithm is investigated numerically based on the fraction of interference leakage to the received signal parameter [22] in this section. The proposed robust transceiver design algorithms are evaluated through comparison to the following algorithms:
1. Leakage interference minimization [13] 2. Max-SINR algorithm [13] 3. Minimum Mean Square Error (MMSE) [15] 4. Robust MMSE [22] 5. Worst-case optimization approach [21] . 
Throughput Enhancement
4 Average data rate is defined as the average throughput (i.e. the bits/s/Hz successfully delivered to the receiver). Specifically, the throughput of data stream at receiver is given by ( ), where ( ) and
, and ( ) is the actual instantaneous mutual information. The overall sum rate of the system is given by ∑ ∑ .
15
Fig . 5 represents the sum rate comparison between the proposed and basic algorithms for ( ) MIMO IC. The filters are designed with the error variance of . VM helps to mitigate the effect of the CSI error, and achieves higher sum rate compared to robust MMSE, and worst-case optimization approach. It can be roughly concluded that the VM algorithm achieves data rate as much as (slightly lower than) Max-SINR.
According to ( ) ( ) ( ) , the ( ) is minimized by minimizing ( ) and maximizing ( ) . These two terms may not attain their best values for the same transceivers in some MIMO IC system model, due to the contradiction between them. It will be shown that the VM scheme presents sum data rate lower than the Max-SINR algorithm but it enables transceivers to hedge against variability for this scenario (Table I) . helps to mitigate the effect of the CSI error more effectively, as shown in Fig. 6 . The VM achieves higher sum rate compared to other approaches. For this scenario, the VM improves sum data rate superior to the Max-SINR and provides SINR with low variance, simultaneously (Table   II) . The worst-case optimization approach achieves a data rate only superior to the Leakage interference minimization. The better performances of the proposed scheme compared to other algorithms is accountable to: 1-Proposed scheme improves the resilience against SINR degradation due to the CSI error. 2-Approximation estimates the effect of imperfection in CSI. The comparative improvement in SINR variance level becomes negligible in ( ) MIMO IC, since variance of the VM approaches other algorithms, as presented in Table II . On the other hand, VM achieves data rate better than Max-SINR as seen in Fig. 6 . Therefore, VM presents a balance between minimizing ( ) and maximizing ( ) in this scenario. 
Hedge against Variability

Convergence of VM Algorithm
Convergence of the VM algorithm is shown numerically by considering fraction of interference leakage to the received signal parameter [22] . Fig. 7 shows parameter for the proposed schemes versus iterations. Since convergence of robust MMSE is shown in [22] , its parameter is plotted within Fig. 7 too. Convergence behavior of VM in comparison with other algorithms is like a convergent scheme at least for two considered MIMO IC scenarios. 
Conclusion
In this paper, a robust algorithm was proposed. The scheme minimized the variance of SINR to hedge against variability due to the CSI error. Taylor series expansion was exploited to approximate the effect of imperfection in CSI on statistical properties. Proposed robust algorithm utilized the reciprocity of wireless networks to optimize estimated statistical property. Monte
Carlo simulations demonstrated that the VM algorithm provided SINR with low variance.
Moreover, it improved sum rate.
